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ABSTRACT 

Laboratory apparatus f o r  studying the  ca t a ly t i c  reduction of carbon mon- 

oxide with hydrogen has been designed, fabricated,  and operated. Excellent 

y ie lds  of methane ( t o  99.0%) and water ( t o  10%) were achieved; minor amounts 

of carbon dioxide were formed as a by-product. A negl igible  amount of carbon 

(less than 0.1%) w a s  deposited on the ca t a lys t  during several  hours of 

operation. 

s i l i c a t e  materials ( lunar  raw materials) t o  produce oxygen. 

The reac t ion  appears very promising as a s t e p  i n  the  reduction of 
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I. OWECTIVE 

The objective of t h i s  program is t o  study the react ion of carbon monoxide 

and hydrogen, under a va r i e ty  of conditions, t o  y ie ld  water and a carbon-con- 

ta in ing  material, preferably methane. Suf f ic ien t  data w i l l  be obtained t o  permit 

a preliminary evaluation of t h i s  react ion as a s t e p  i n  the  reduction of s i l i c a t e  

materials ( lunar  r a w  mater ia l )  t o  produce oxygen. 

11. S m R Y  

Research under Contract NAS 7-225 was i n i t i a t e d  on 22 Apr i l  1963. The 

experimental work i s  t o  be completed on 15 November 1963. 
i n t o  s i x  major tasks:  Task 1, Design; Task 2, Fabrication; Task 3, Testing; 

Task 4, D a t a  Acquisition; Task 59 Process Integration; and Task 6, Reports. 

The program i s  divided 

Under Tasks 1, 2 and 3 ,  a flow react ion tube was designed along the l i n e s  of 

a Fiseher-Tropsch reactor .  The tube was fabricated and successful ly  t e s t ed  with 

argon a t  5 atmospheres and 1000 C .  

t e s t  runs with carbon monoxide and hydrogen. 

0 The apparatus functioned smoothly i n  three 

Under Task 4, highly encouraging r e s u l t s  were obtained i n  the i n i t i a l  

experiments involving the reduction of carbon monoxide with hydrogen t o  form 

methane and water. 

Yields of methane (88.4 t o  9g0C$) and water (76.5 t o  100%) were extremely good. 

Yields of by-product carbon dioxide were l o w  (1.7 t o  10.9%). Less than 0.1% of 

the  t o t a l  carbon passed through the reactor  w a s  deposited on the  ca t a lys t  bed - a 

negl igible  loss of material. 

The carbon monoxide conversions were excel lent  (98.6 t o  99.4%). 

The program i s  proceeding on schedule. Future work w i l l  continue inves t i -  

gations of react ion var iables  such as pressure, reac tan t  r a t io ,  catalyst ,  and 

c a t a l y s t  poisoning. 
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111. TECHNICAL DISCUSSION 

A. LITERATURE REVIEW 

The literature on the react ion of carbon monoxide with hydrogen has 

been studied with care during t h i s  repor t  period. Due t o  the copious amount of 

work which has been done on the  many f ace t s  of t h i s  react ion and the rapid pace 

with which the program i s  required t o  move, it has been necessary t o  r e l y  heavily 

on previous literature surveys. Two literature reviews (References 1 and 2)  were 

found t o  be of pa r t i cu la r  value as a ids  i n  locat ing the most recent per t inent  work. 

Reference 1 contains a wealth of thermodynamic data  f o r  the react ions 

(2n+l)  H + n CO = C H + n H20 2 n 2n+2 

and severa l  re la ted  react ions producing a var ie ty  of other products. 

Reference 2 i s  a bibliography containing 3711 abs t rac ts  of papers 

and 4017 abs t rac ts  of patents .  These sources have been he lpfu l  i n  locat ing the  

most recent literature (References 3 through 7 )  on the react ion t o  form methane 

as a primary product. 

f u l  i n  the design of the  equipment and i n  the choice of the ca t a lys t s .  This report  

appeared to be the most recent of s ign i f icant  work on the  react ion and is  represen- 

t a t i v e  of the state of the art  before the present program was i n i t i a t e d .  

Invest igat ion 5137 of the U.S. Bureau of Mines w a s  very help- 

Although much work w a s  devoted t o  s tudies  on the production of methane, 

such work was directed toward objectives which are considerably d i f f e ren t  from 

the  objectives of t h i s  program. Previous invest igators  sought a hydrocarbon product 

of commercial i n t e r e s t  and had l i t t l e  regard f o r  water production o r  precise  

material balances. Because t h i s  invest igat ion i s  concerned with a react ion in- 

tended f o r  use on the lunar surface, water now becomes an  important product, and 

loss of carbon, hydrogen, and oxygen i n  the react ion i s  a c r i t i c a l  f ac to r  t o  be 

considered. These broad objectives were borne i n  mind when the  l i t e r a t u r e  was 

reviewed t o  s e l e c t  data f o r  design, construction, and operating conditions of the 

flow apparatus 
/ 
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B. TASK 1, DESIGN 

The equipment to be used i n  the study of the react ion of carbon 
monoxide with hydrogen was designed t o  allow maximum f l e x i b i l i t y  i n  operating 

conditions. 

because of i t s  high temperature s t rength  and res i s tance  t o  corrosion. The U.S. 

Bureau of Mines (Reference 3) used s t a i n l e s s  s teel  chambers successful ly  i n  i t s  
laboratory sca le  equipment 

Type 316 s t a i n l e s s  s tee l  was chosen as the  reaction-chamber metal 

Figure 1 is  a schematic flow diagram of the  hydrogen-carbon monoxide 
reac tor  designed f o r  t h i s  invest igat ion.  Heat d iss ipa t ion  is  one of the major 

Problems associated with the  reac t ion  as it is  highly exothermic. An attempt 
was made t o  minimize t h i s  problem by making the  react ion chamber (l)* s m a l l  i n  
diameter (0.527 in .  I D )  i n  r e l a t i o n  t o  i t s  length (38.5 i n . ) .  
vides a large surface area f o r  cooling and a minimum distance f o r  the  react ing 
gases t o  t r a v e l  from the center of the chanber t o  the  cooling surface.  Fins are 
provided on the outside of the tube t o  furn ish  addi t iona l  cooling surface.  For 
convenience, a i r  i s  used as the  cooling f lu id .  I n  a lunar i n s t a l l a t ion ,  a f l u i d  
such as Dowtherm or a molten salt, would be rec i rcu la ted  through an exchanger o r  

rad ia tor  t o  d iss ipa te  the  heat of react ion.  

This design pro- 

The reac t ion  chamber i s  divided in to  three separate sect ions f o r  
temperature control.  Each sec t ion  is  provided with an e l e c t r i c a l  heating u n i t  
( 2 )  and a separate a i r -cool ing system. This provides the un i t  with capabi l i ty  
f o r  adjust ing the temperature p r o f i l e  of the  reactor  as desired. 

Commercial grade hydrogen and carbon monoxide from compressed gas 

cylinders require two-stage pressure-reducing regulators,  needle valves and rotame- 
ters t o  control  the flow rates. The pressure on the reactor  i s  controlled by a 
motor valve (11) which i s  operated by an automatic pressure recorder and cont ro l le r  
(no t  shown) 

E lec t r i c  heaters ( 3 )  are provided f o r  each of the  two feed-gas streams 
f o r  close temperature control.  
a heater ( 3 )  are provided f o r  the  gas recycle stream. 
and passed through the  condenser (8).  
i n  a receiver  (9)  and then measured (lo), Samples of the  ou t l e t  gas a r e  col lected 
f o r  analysis  (12) and the  o u t l e t  gas volume i s  measured with a w e t  t es t  meter (13).  

A s m a l l  gas compressor ( 7 ) 9  a rotameter (5),  and 

The condensate i s  separated and col lected 
The o u t l e t  gas is  cooled 

* 
Numbers refer t o  coding system used i n  Figure 1 t o  l a b e l  reactor  components, 
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Chromel-Almel thermocouples (4 )  are used t o  measure the  ca t a lys t  

bed temperatures. 

tube) are used t o  measure the intermediate bed temperatures. 

and two midpoint bed temperatures are sensed by thermocouples immersed i n  the gas 

stream. 

Skin thermocouples (thermocouples welded t o  the outside of the 

In l e t ,  out le t ,  

The temperatures are measured and recorded by a 24-point s t r i p  chart 

recorder. 

Sample connections have been provided a t  the l / 3  and 2/3 intermediate 

These connections consis t  of 1/4-in. s t a in l e s s  steel  points  i n  the  ca t a lys t  bed. 

tubes welded t o  the chamber w a l l .  

Task 1 w a s  completed on 31 May 1963. 

C .  TASK 2, FABRICATION 

The c a t a l y s t  tube (bed) w a s  fabr icated f rom a 4- f t  piece of 5/8-in. 

OD, 0.049-in. wall 316 s t a i n l e s s  s teel  tube. 
s t a i n l e s s  s teel  (serrated,  1-1/4 in .  OD, 4 f i n s / f t )  f i n s  were attached t o  the out- 

s ide  of the tube. Figure 2 i s  a photograph of the reac t ion  un i t  under construction. 

Three 1-ft  sect ions of 

I n  the photograph, the lower heating u n i t  i s  being in s t a l l ed  a t  the bottom of the 

tube. The lower air  i n l e t  connection was ins t a l l ed  as shown. It i s  p a r t l y  

covered by insulat ion.  The cooling air en ters  a t  the bottom, flows up around the 

s t a i n l e s s  steel  f ins ,  and leaves a t  the top of each heating uni t .  

The carbon monoxide, hydrogen and recycle gas preheaters can be seen 

a t  the top of the photograph. E lec t r i c  heaters similar t o  the bed heaters were 

later in s t a l l ed  on the preheaters.  

of photograph) i s  constructed of a 3-ft-long c o i l  of 3/8-in. s t a in l e s s  s t e e l  

tubing i n  a 4-in. OD s t a i n l e s s  s t e e l  jacket.  

from standard l25-ml sample containers.  

The product gas cooler-condenser ( lower r i g h t  

The condensate separators are made 

Figure 3 i s  a photograph of' the  completed react ion un i t .  The reac tor  

and preheaters have been covered with a 3-in. layer  of insu la t ion  and a s t a in l e s s  

s tee l  jacket. A w e t  tes t  meter (lower r i g h t )  was added t o  ca l ibra te  the reactant  

rotameters (not shown) and t o  measure the product gas. 

are used t o  receive the condensate. 

Graduated cylinders (100 m l )  

A panel board ( l e f t  side of photograph) was 

Page 4 
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in s t a l l ed  t o  mount the major instrumentation, including reac tor  bed pressure 

indicator-controller,  reac tor  bed pressure drop recorder, temperature recorder 

( 24-point s t r i p  char t  ), reac tor  ca t a lys t  bed temperature control lers ,  reac tan t  

gas preheater control lers ,  and pressure gages. Two-stage pressure-reducing 

regulators  were  mounted on the  gas cylinders (not  shown). 

rotameters are mounted on the bench rack back of the  panel board. The three cooling 

a i r  rotameters and needle valves are a l s o  located on the bench rack t o  the l e f t  of 

the reactor  (behind the  panel board) 

The two reactant  gas 

Task 2 w a s  completed on 28 June 1963. 

I). TASK 3, TESTING 

1. Equipment Operational L t m i t s  

A series of shor t  tests w a s  made on the equipment i n  order t o  

determine i t s  operating limits and charac te r i s t ics .  Argon was used through both 

preheaters and through the reac tor  (no ca t a lys t )  t o  e s t ab l i sh  t h a t  react ion tempera- 

tures as high as 9OO0C can be obtained. 

c a t a l y s t  bed sections can e a s i l y  be control led independently t o  within as l i t t l e  

as t 2  C or t o  as much as ".OO0C of each other.  

The temperature on each of t he  three 

0 

The ca t a lys t  bed pressure-control system was found t o  operate 

s a t i s f a c t o r i l y  a t  pressures up t o  about 90 psig. With minor changes the  equip- 

ment can be made t o  function from 7 ps i a  up t o  315 psia .  

be accurately measured and control led a t  rates as low as 1 scfh  and as high as 

20 scfh.  

Reactant flow rates can 

2, Catalyst  Reduction 

A f t e r  the  apparatus was tested f o r  gas leaks a t  200 psig, the 

reac tor  tube w a s  f i l l e d  with 65.4 g (139 cc )  of ca t a lys t  C-0765-1005 (25% N i O  

on s i l i c a  gel, 4 t o  8 mesh). 

414Oc with 1.0 

were maintained f o r  5.0 hours; a sample of gas was removed every hour. 

spectrographic analyses (completed i n  0.5 hour after the sample w a s  taken) revealed 

t h a t  the water content of the e x i t  gas dropped t o  0.3% from a maximum of 0.8%. 

Hydrogen pressure (60 ps ig)  w a s  maintained i n  the apparatus on shutdown. 

The bed temperature w a s  maintained between 350 and 

atmosphere of hydrogen passing over the  ca ta lys t .  These conditions 

Mass 
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3 .  Preliminary Runs with Carbon Monoxide and Hydrogen 

Several  highly successful preliminary test runs were made. These 

data  are presented i n  Tables 1, 2, and 3, along with data  from later runs. These 

preliminary runs were made with a 4 t o  1 hydrogen/carbon monoxide mole r a t i o  

( 2  scfh  of hydrogen and 0.5 sc fh  of carbon monoxide) a t  1.0 atmosphere pressure. 

The temperature p ro f i l e s  i n  the  ca t a lys t  chamber were i r r egu la r  but the conversions 

and yields  w e r e  good. 

The individual component balances, however, were not so good, indicat ing t h a t  the 

operating and ana ly t i ca l  techniques needed t o  be improved. 

The ove ra l l  material balances were excel lent  ( t o  %$). 

The operating data f o r  the three preliminary runs are presented 

i n  Table I; Table 2 presents the  product gas analyses (mass spectrometer). 

hydrogen concentration i n  the product gas varied from about 63 t o  70% and the 

methane concentration from about 25 t o  33%. 
monoxide mole ra t io ,  the composition should be 5q0  methane and 50% hydrogen. 

carbon monoxide concentration varied from about 0.5 t o  0. Ho, corresponding t o  carbon 

monoxide conversion of 98 6 t o  99.4%. 
from about 5% t o  l$o 
found i n  the product gas. 

was c lear  and color less ;  vapor-phase gas chromatographic analysis  showed t h a t  no 

carbon-containing compounds were present.  

The 

Ideally,  with a 4 t o  1 hydrogedcarbon 

The 

The carbon dioxide concentration varied 

Only inconclusive t races  of C or  heavier hydrocarbons were 2 
The water which was condensed from the  product gas 

Table 3 presents the  material balances f o r  the  runs. Carbon 

monoxide conversions w e r e  extremely good (98.6 t o  99.4%)0 
f a i r l y  good (81.7 t o  94,1%)* 
of carbon dioxide were gra t i fy ingly  low (3.2 t o  l0,8$), compared with 25 or  30% 
reported i n  the literature. R u n  5, with low temperatures i n  the top sect ion and 

high temperatures i n  the bottom sec t ion  of the  bed, was found t o  give b e t t e r  

yields  of methane and water than R u n s  8 and 9, i n  which the  temperatures were a l l  

a t  3OO0C or  lower. 

Yields of methane were 

Yields of water were good (85.5 t o  9 O , l % )  and yields  

Task 3 w a s  completed on 1 J u l y  1963. 

Page 6 
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E. TASK 4, DATA ACQUISITION 

A series of 11 successful data-producing runs was made (Runs 10 t o  13, 
and 18 t o  24) t h i s  quarter  with the  C-0765-1005 ca ta lys t .  

runs a re  presented i n  Tables 1 t o  4 and Figures 4 t o  6. The f i r s t  batch of 

ca ta lys t  was removed after Runs 14 and 15 showed t h a t  i t s  a c t i v i t y  had been 

somewhat reduced by operating at the  high temperature (500OC). 

The data  f o r  these 

1. Temperature vs Conversion and Yields 

Figure 4 is  a p lo t  of t he  data showing how ca ta lys t  temperature 

a f f e c t s  carbon monoxide conversion and yields a t  a 4 t o  1 hydrogen/carbon monoxide 

mole r a t i o  a t  atmospheric pressure and a 500 h r  space velocity.  In t h i s  p l o t  

t h e  normalized yields  were used (see Table 3 ) .  
balances were obtained (25$), t he  ra ther  small changes i n  water and methane 

y ie lds  were sometimes p a r t l y  obscured by the  difference i n  material balance. 

Because the  material balances vary somevhat above and belov 100% and because 

the  yields  are d i r e c t l y  a f fec ted  by material balance, it i s  believed t h a t  it i s  

proper t o  normalize the  yields  t o  100% elemental balance. 

-1 

Although ra ther  good material 

Three d i f fe ren t  methods may be used t o  calculate  product yields .  

The per  pass y ie ld  i n  the  case of methane i s  (moles of CH /moles of C O ) ( l O O ) ;  the  

ac tua l  y ie ld  i n  t h i s  case is  (moles of CH /moles of CO - moles of CO unconverted.) 

(100). 

metered inputs and outputs, and w i t h  only intermit tent  sampling of gases f o r  

analysis,  it is possible  t h a t  a y ie ld  calculated by the  above two methods may 

exceed 100%. Because a l l  of the  product appeared e i t h e r  ir, the gaseous phase o r  as 

condensed water, as indicated by the  analysis  of the  ca ta lys t  bed after operation, 

the  valid assumption w a s  made t h a t  calculated material balances f o r  t he  elements 

were i n  e r r o r  by the  amount they deviated from 100%. 

y ie ld  of any product was converted t o  a more s igni f icant  y ie ld  by making use of 

t h i s  assumption. 

4 
4 

Due t o  the inherent e r rors  i n  operating the  apparatus with continuously 

Consequently, t h e  ac tua l  

An example of t h i s  conversion w i l l  now by given f o r  Run 13 
(Table 3 ) .  
the material balance f o r  carbon vas calculated t o  be 104% because the  t o t a l  carbon 

i n  the  products was found t o  be 7.469 g per  hour whereas the input rate was only 

The ac tua l  y ie ld  of methane was calculated t o  be 9.0%. However, 
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7.17 g of carbon per  hour. 

of t o t a l  carbon. 

1.04 t o  bring the  t o t a l  carbon i n  the  product down t o  equal 7.17 g. 

t he  methane a c t u a l  y ie ld  must a l s o  be reduced by t h i s  fac tor .  The normalized y ie ld  

is thus calculated as (ac tua l  yield/$ material balance of major element)(100). 

The methane carbon amounted t o  6.954 g of the 7.469 g 

The amount of carbon i n  each of the products m u s t  be divided by 

Consequently, 

The oxygen balance was used t o  normalize the water yield be- 

cause most of the  oxygen i n  the  react ion products was contained i n - t h e  water; the 

carbon balance was used t o  normalize the methane y ie ld  because near ly  a l l  of the 

carbon i n  the reac t ion  products w a s  contained i n  the methane. Although the 

differences between the  a c t u a l  yields  and normalized yields  were small, the  nor- 

malized yields  gave a smoother p l o t  of the data than did the  a c t u a l  yields.  Also, 

t he  normalized yields  approximated more c lose ly  the  methane and water relat ionship 

which i s  expected when only methane, water, and carbon dioxide are formed. 

A temperature of 400 t o  45OoC appears t o  be optimum for the  

4 to 1 hydrogedcarbon monoxide ra t io ,  yielding the maximum quant i ty  of water 

and methane and the minimum quant i ty  of carbon dioxide. 

dioxide i s  thermodynamically favored over carbon monoxide i n  the water-gas react ion 

(Reference 1). 

A t  low temperatures, carbon 

C02 + H 2 ; d  CO + H20 ( 2 )  

It appears from the data t h a t  the rate of hydrogenation of carbon dioxide increases 

s u f f i c i e n t l y  with temperature t o  almost completely eliminate it i n  the  product a t  

400 t o  45OoC. 
removal of carbon dioxide by hydrogenation and the  rate of production of carbon 

dioxide by the water gas react ion begins t o  favor carbon dioxide production. This 

change i n  r e l a t i v e  rates can most l og ica l ly  be a t t r i bu ted  t o  a change i n  ca t a lys t  

a c t i v i t y  as the ca t a lys t  bed temperature is increased. 

A t  temperatures above t h i s  range, competition between the  rate of 

The second charge of ca t a lys t  (dot ted l i nes  i n  Figure 4) appeared 

t o  be more ac t ive  than the f irst  charge which was heated t o  higher temperatures i n  

t h e  preliminary runs. 
than l$ carbon dioxide, were found t o  be obtainable with ac t ive  ca ta lys t .  

Excellent yields  of 98 t o  998 water and methane, and less 

Page 8 
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2.  Hydrogen/Carbon Monoxide Ratio 

Figure 5 shows the e f f e c t  of lowering the hydrogen/carbon 

monoxide r a t i o  on conversion and yields  e 

r a t i o  from 4 t o  1, t o  3.1 t o  1 (at  500 hr’l space ve loc i ty  and 45OoC)  lowered the  

water and methane yields  severely (95.9% t o  ~ 8 . 5 % ~  and 98.1% t o  88.4$7, respect ively)  

while increasing the carbon dioxide y ie ld  ? - fo ld  (2 .1  t o  l O . 9 % ) .  
the  methane content of the product gas increased from 4 8 . 9  t o  56.8% (see Table 2 )  - 
a r e l a t i v e l y  small change. More work must be done t o  substant ia te  these r e s u l t s  

and t o  determine if lower space ve loc i t i e s  or  higher pressures o r  higher ca t a lys t  

a c t i v i t y  w i l l  improve the  yields  under these more near ly  stoichiometric conditions. 

Lowering the hydrogen/carbon monoxide 

A t  the  same time 

3 .  Space Velocity 

Space velocity,  as used i n  t h i s  report, i s  defined as the 

reac tan t  flow rate (scfh)  divided by ca t a lys t  volume (cu f t ) .  

ve loc i ty  from 500 t o  1000 h r - l  ( a t  4 t o  1 hydrogedcarbon monoxide mole r a t i o  and 

45OoC) 

(95.9% t o  89.45, and 98.1% t o  90.3%, respect ively)  while d r a s t i c a l l y  increasing 

the  carbon dioxide y ie ld  (2.1% t o  9.2%). 
also f e l l  (from 48,9% t o  33.7%). 
investigated, espec ia l ly  a t  lower hydrogen/carbon monoxide r a t i o s .  

ve loc i t ies  may a l s o  be used a t  higher pressures. 

Increasing the  space 

w a s  found (see Figure 6 )  t o  decrease water and methane yield appreciably 

The methane content of the product gas 

It appears t h a t  lower space ve loc i t ies  should be 

Higher space 

4. Pres sure 

Only atmospheric pressure has been used thus far. Higher 

pressures w i l l  be investigated.  

5. Catalysts 

Only one c a t a l y s t  has been evaluated t o  date .  Other ca ta lys t s  

which may be ac t ive  a t  lower temperatures w i l l  be tes ted .  

6. Recycle 

Originally, recycle runs were ant ic ipated.  However, because such 

exce l len t  conversions and yieids  have been obtained with the simple s ing le  pass 

operation, no recycle runs are now contemplated. 
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7 .  Carbon Deposition 

Carbon formation o r  deposition does not appear t o  be a problem 

under the conditions tested t o  date. The f i r s t  charge of ca t a lys t  w a s  removed 

after about 56 hours of operation. Analysis of t h i s  ca ta lys t  showed that only 

about 2 wt% of carbon w a s  deposited i n  the  top l/3 of the bed. 

deposited on the lower 2/3 of the catalyst. 

l/3 of the  bed represented less than 0.1% of the carbon charged over the  56-hour 

operating time. 

No carbon w a s  

The carbon deposited on the  top 

8. Higher Hydrocarbons 

No evidence was found (see Table 2 )  of higher hydrocarbons i n  

the product gas or  i n  the water condensed from the runs a t  atmospheric pressure. 

9. Catalyst  Bed Depth 

These runs were made with a r e l a t i v e l y  deep ca t a lys t  bed 

(39 i n . )  as compared t o  4 i n .  t o  12 in .  f o r  most of the invest igat ions found i n  

the l i t e r a t u r e .  This may, i n  part ,  be the reason t h a t  why such high conversions 

t o  desired products were obtained i n  the work reported herein. O f  pa r t i cu la r  

note i s  the reconversion of carbon dioxide in to  methane and water. 

Table 4 presents representative gas analyses of samples 

taken from the intermediate ca t a lys t  bed sample points.  This data shows that 

although most of the carbon monoxide w a s  converted i n  the top sect ion of the bed, 

the  lower two f e e t  of the  bed were required t o  convert the carbon dioxide formed 

i n  the top foo t  of the bed i n t o  methane and water. This a b i l i t y  t o  convert carbon 

dioxide t o  required product ismost important. Every e f f o r t  w i l l  be made t o  eliminate 

t h i s  undesired by-product from the product gas. 

F. TASK 5, PROCESS INTEGRATION 

The data obtained i n  Task 4 w i l l  be used t o  integrate  the carbon 

monoxide reduction react ion i n t o  the ove ra l l  carbothermal process f o r  the pre- 

parat ion of oxygen by the reduction of s i l i c a t e  rock. No work on t h i s  task  was 

accomplished during the present repor t  period. 

t he  last  month of the program. 

Such work w i l l  be accomplished during 

Page 10 
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G. TASK 6, REPORTS 

The f i rs t  two monthly repor t s  were  submitted i n  June and July.  The 

remaining two monthly reports  w i l l  be submitted i n  September and October. 

second quar te r ly  report  w i l l  be submitted i n  November 1963 and the f i n a l  report  

i n  December 1963. 

The 

I V  FUTURF: WORK 

A. TASK 4, DATA ACQUISITIOH 

1. Space Velocity 

Several  more points  w i l l  be obtained to confirm and extend 

the space ve loc i ty  re la t ionships .  

2 .  Pres sure 

A series of points  w i l l  be run a t  higher pressures (up t o  

90 psig on the ca t a lys t  bed).  

3.  HydrogenlCarbon Monoxide Ratio 

Several  points  w i l l  be obtained a t  lower hydrogedcarbon 

monoxide mole r a t i o s  a t  low space ve loc i t i e s  and/or a t  high pressures i n  an attempt 

t o  increase the concentration of methane i n  the product gas. 

4. Catalysts 

One or more ca ta lys t s  w i l l  be tested i n  an attempt t o  f ind  one 

which w i l l  be more ac t ive  a t  the  lower temperatures which favor the equilibrium 

f o r  the conversion of carbon dioxide in to  methane and water. 

5. Catalyst  Poisoning 

A Series of tests w i l l  be made i n  order t o  determine the e f f e c t  

o f  various impurit ies i n  the feed upon ca t a lys t  l i f e  or a c t i v i t y .  Impurities t o  

be tested include su l fu r  compounds, carbon dioxide, and oxides of phosphorus and 

nitrogen. 

B. TASK 6, REPORTS 

Reports w i l l  be submitted as scheduled. 

Page 11 
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V. PERSOmL 

The senior  s t a f f  assigned t o  t h i s  program was comprised of S .  D. Rosenberg 

(Pro jec t  Engineer), G. A .  Guter, F. E. Miller, and G. R. Jameson. 

V I .  EXPENDITIRES AlYD COMMIWNTS 

Approximately 1665 manhours and $23,000 were expended on Contract 

NAS 7-22? during t h i s  report  period. 

Page 12 
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Run 
No. - 

5 
8 
9 

10 
11 
1 2  
13 

18 
19 
20 

21 
22 
23 
24 

TAl3I;F: 2 

REDUCTION OF CARBON MONOXIDE WITH HYDROGEN 
(PRODUCT GAS ANALYSIS)a 

Composition of Product Gas 

H2 

65.4 
70.0 
63.5 

58.97 
50.47 
52.16 
50.95 

45.80 
51.68 

34.55 

43.36 
60.91 

48.51 

41.45 

- H2° 

1.20 
1.20 
1.20 

1.21 
1 .21  
1 .21  
1 . 2 1  

1 . 2 1  
1 .21  
1 . 2 1  

1.21 
1.21 
1 .21  
1.21 

co - 
0.50 
0.30 
0.20 

0.38 
0.34 
0.39 
0.52 

0.33 
0.24 
0.30 

0.50 
0.52 
0.59 
0.69 

CH4 

32.0 
25.8 
30.9 

35.84 
46.86 
45 42 
44.54 

51.67 
46.54 
48.96 

56 e 82 
50.81 
48.85 
33 * 70 

c02 

0.9 
2.7 
4.2 

3.59 
1.13 
0.82 
2.78 

0.99 
0.33 
1.02 

6.93 
6.01 
5.99 
3.49 

a Three to six gas samples were obtained during the course 
of each run, at 1- to 2-hour intervals. The average 
analysis resulting from these samples f o r  each run is re- 
ported here. The composition of the gas was determined by 
mass spectrometric analysis, excepting water vapor. The 
water vapor concentration was assumed to be fixed by the 
condenser water temperature ( 10°C) This assumption was 
spot-checked periodically by vapor-phase chromatography 
and was found to be correct. Each gas sample was checked 
for higher hydrocarbons; none were found. Liquid water 
samples were spot-checked for carbon-containing compounds; 
none were found. 

Table 2 
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TABU 4 

REACTION GAS COMPOSITIONa 

G a s  Composition 
(vel%) 

CH4 - c02 co Run Sample 
No. Location - - H2 

__I 

10-4a 
10-4b 
10-4c 

11-6a 
11-6b 
1 1 - 6 ~  

19-3a 
19-3b 
19-3c 

TOP 
Mid 
Outlet 

TOP 
Mid 
Outlet 

TOP 
Mid 
Outlet  

70.6 
61.1 
58.2 

- 
- 

54.5 

0.4 
0.4 
0.3 

18.8 
34.1 
37.3 
- 
- 

43.5 

4.9 
3.9 
3.6 

6.8 
2.4 
1.1 

6.0 
1 .3  
0.3 

a G a s  samples were removed from the reactor, 12 and 24 i n .  from 
the top of the catalyst  bed, respectively, and analyzed. The 
results are compared w i t h  the product gas analysis.  

Table 4 
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Flow Reactor f o r  Reduction of CO with H2 During Construction 

Figure 2 
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Flow Reactor for  Reduction of CO w i t h  H2 
Figure 3 
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